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ABSTRACT.—Grass species are important for phytoremediation on native prairies affected by petroleum oil production. One of the major limitations in remediation and reclamation using plant species is seed germination failure. The
objective of this study was to evaluate grass seed germination and seedling growth affected by drill cuttings. Sixty-five
grass species (including 5 cereal crops) were included in the study. Germination of all species was reduced by drill cuttings. The reduction in germination ranged from 9.2% to 100%. Two species were tolerant, 18 species were moderately
tolerant, 27 species were moderately sensitive, and 18 species were sensitive. Based on tolerance levels in the preliminary
screening, 9 species were selected for further evaluation in response to different levels of drill cuttings in soil. Buffalograss (Buchloe dactyloides (Nutt.) Engelm.) was the most tolerant based on EC50 of seed germination as well as biomass
production. For phytoremediation and soil reclamation of soils with drill-cutting contamination, species with tolerance
to hydrocarbons, salinity, and other toxics are desired. Very few grass species are tolerant to all those components. Our
study showed that buffalograss can potentially be used for reclamation of soils contaminated with drill cuttings.
RESUMEN.—Las especies de pastos son importantes para la fitorremediación de las praderas nativas afectadas por la
producción de petróleo. Una de las principales limitaciones en la remediación y la recuperación cuando se emplean
especies vegetales es la falla en la germinación de las semillas. El objetivo de este estudio fue evaluar la germinación de
las semillas de gramíneas y el crecimiento de las plántulas afectadas por los esquejes de perforación. Se incluyeron
sesenta y cinco especies de gramíneas (incluidos cinco cultivos de cereales) en el estudio. La germinación de todas las
especies se redujo por los esquejes de perforación. La reducción en la germinación varió de 9.2% a 100%. Dos especies
fueron tolerantes, 18 especies fueron moderadamente tolerantes, 27 especies fueron moderadamente sensibles y 18 especies
fueron sensibles. De la evaluación preliminar se seleccionaron nueve especies (con base en sus niveles de tolerancia)
para una evaluación posterior, en respuesta a diferentes niveles de esquejes de perforación en el suelo. El zacate búfalo
(Buchloe dactyloides [Nutt.] Engelm.) se posicionó por encima de nueve especies con base en EC50 de germinación de
semillas, así como a la producción de biomasa. Para la fitorremediación y la recuperación de suelos contaminados por
esquejes de perforación, se prefieren especies tolerantes a hidrocarburos, salinidad y a otros tóxicos. Muy pocas las
especies de gramíneas son tolerantes a tales componentes. Nuestro estudio mostró que el zacate búfalo se podría usar
para la recuperación de suelos contaminados por esquejes de perforación.

mineralogy of the strata overlying the target
reservoir, and drilling techniques determine
the composition of drill cuttings (Breuer et al.
2004, Al-Ansary and Al-Tabaa 2007). For example, drill cuttings from the Red Sea offshore
oil production area contain about 11% hydrocarbons and high concentrations of Cr, Zn, Ba,
Pb, and Cl (Al-Ansary and Al-Tabaa 2007),
whereas drill cuttings from the North Sea contained as high as 22.4% hydrocarbons and different levels of metals (Al-Ansary and Al-Tabaa
2007). Most drill cuttings are high in salts (KCl
and NaCl) and pH. The high pH is from the

Contamination of soils and water due to
oil spills or inappropriate disposal of drilling
materials is detrimental to natural resources,
vegetation, and wildlife (Van Epps 2006). Drill
cuttings are broken bits of solid waste removed
from the borehole of oil or gas wells (Breuer et
al. 2004) and usually contain drill-bit-lubricating
chemicals, significant amounts of hydrocarbons,
heavy metals, water soluble salts, and sometimes radioactivity from the shale (Al-Ansary
and Al-Tabaa 2007). The composition of drill
cuttings is complex and varies from site to site.
Drilling material (such as the drill muds used),
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drilling muds used for suppressing corrosion
and controlling the solubility of calcium and
magnesium (Bourgoyne et al. 1986). Corrosion
control additives typically include calcium
carbonate (CaCO3), caustic soda, white lime,
and sodium acid pyrophosphate (Na2H2P2O7).
Four heavy metals—Cr, Ba, Pb, and Zn—occur
in high concentrations in most drill cuttings
(Carls et al. 1995).
The success of phytoremediation and soil
reclamation is affected by temperature, precipitation, soil types, plant species, and methods of plant establishment. Direct seeding is
the most economical way to reclaim soils contaminated by oil drilling operations. One of
the major limitations of using plant species in
reclamation of soils contaminated by petroleum hydrocarbons or drill cuttings is seed
germination failure (Van Epps 2006).
Chaîneau et al. (1996) reported that the
seedling emergence of maize (Zea mays L.),
wheat (Triticum aestivum L.), and pea (Pisum
sativum L.) was not affected by the application
of drill cuttings (pH 9.1 to 10.1, 10% fuel oil,
and 11% Ca) at 15, 30, and 60 Mg/ha in the field.
The germination of cowpea (Vigna unguiculata
L.) and maize seeds was completely inhibited
by soil that was contaminated by drill cuttings
from Kutchalli, Nigeria (Anoliefo et al. 2006).
The drilling wastes from an active well site in
Alberta, Canada, decreased the germination of
alfalfa (Medicago sativa L.), oat (Avena sativa L.),
barley (Hordeum vulgare L.), and maize (SaintFort and Ashtani 2014). In grass species, there
is a lack of large-scale screening for tolerance
to drill cuttings.
The majority of species used for soil reclamation in the oil and gas exploration areas in
North Dakota are grasses (Rinella et al. 2012).
A total of 90 native and introduced grass
species are commonly found in North Dakota.
These species are used for field crops, forage
crops, biofuel crops, conservation, and natural
habitat for wildlife, although some are considered weeds. Some of the grass species have
proved useful for reclaiming contaminated soil
(Sedivec et al. 2011). Prairie grasses have great
potential in phytoremediation of contaminated
soil because they have a fibrous root system,
which results in a large surface area for
microbes to colonize.
The objective of this study was to evaluate
seed germination of grass species affected by
drill cuttings. The inclusion of grass species

was based on their different origins and usages,
such as native versus introduced, forage/crops
versus weeds, and annual versus perennial.
The primary goal was to provide a list of grass
species that are tolerant to drill-cutting contaminants and can potentially be used to
establish vegetation for phytoremediation and
soil reclamation.
METHODS
Preliminary Seed Germination Test
Sixty-five grass species (including 5 cereal
crops) were included for preliminary screening (Supplementary Materials 1, 2). The soil
used in this study was a sandy loam (Oye Hubert
& Sons Construction, Fargo, ND) with a pH
of 6.79 and an electrical conductivity (EC) of
0.235 dS/m. The soil was air-dried and sieved
to pass a 1-mm screen before use. Oil drill
cuttings (Pioneer Energy Services Corp., San
Antonio, TX) from Bakken oil fields in western North Dakota had a sodium absorption
ratio (SAR) of 47.7, EC of 5.0 dS/m, pH of 9.8,
and total petroleum hydrocarbon (TPH) of
108.1 g/kg. Concentrations of Ca, Mg, Mn,
Na, Cl, and HCO3− were 502, 1150, 3.5, 8460,
6820, and 1810 mg/kg, respectively.
Soil contamination was simulated by mixing 10 parts of soil with one part drill cuttings
on a volumetric basis. To each petri dish, 30 cm3
of uncontaminated or contaminated soil was
added. One hundred grass seeds (50 for crops)
were placed in an individual petri dish. Those
species that require chilling treatment (ISTA
1996) were seeded one week ahead of other
species and kept at 4 °C for chilling treatment.
After chilling treatment, all species were put
in a growth room at 23 °C with a 14-h photoperiod (14h light : 10h dark). Two weeks later,
germination was determined by counting the
seedlings in each petri dish. The relative germination of each species was calculated using
the germination in uncontaminated soil as
100%. The species were grouped according to
Hong et al. (2009) based on relative reduction.
Dose Effect of Drill Cuttings
Nine species with higher tolerance were
selected for further evaluation of seed germination in response to different levels of drill cuttings in soil. Species in the preliminary screening that had <30% germination in soil treated
with drill cuttings were excluded. The same
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air-dried and sieved soil described above was
mixed thoroughly with drill cuttings at concentrations of 0, 0.05, 0.10, 0.15, and 0.20 m3/m3
on volumetric bases. The treatments were
arranged as a randomized complete block
design with 3 replicates, and the entire experiment was repeated one additional time.
Seed germination percentages were determined 2 weeks after treatment, and the biomass of seedlings was determined after ovendrying at 80 °C for 24 h. Soil samples were
taken from the mixtures of different concentrations for the tests of pH and EC. The soil
pH was tested in a 1:1 soil / deionized water
(V/V) suspension and the EC was determined
in a 1:5 soil / deionized water (V/V) extract.
Data Analysis
All data were tested for normal distribution
with the probability procedures in SAS (SAS
Institute, Cary, NC). Regression responses of
dependent variables (seed germination and
biomass) to the independent variables (different
concentrations of drill cuttings) were developed using the regression procedures in SAS.
The effective median concentration (EC50) is
defined as the concentration at which 50%
reduction occurs (Peña-Castro et al. 2006). The
data were subjected to ANOVA using a general linear model in SAS, with experiment and
block as random variables and species and
concentrations of drill cuttings as fixed effects.
Mean separation was done with an F-protected
Tukey test (a = 0.05).
RESULTS AND DISCUSSION
Preliminary Seed Germination Test
The ranking of percentage germination
reduction caused by drill cuttings for each
species is shown in Table 1. The reduction in
germination ranged from 9.2% to 100%.
Therefore, the concentration of drill cuttings
used in the preliminary screening was able to
separate species with different tolerances. Two
species were tolerant, 18 species were moderately tolerant, 27 species were moderately
sensitive, and 18 species were sensitive. In
addition to the difference at the species level,
different cultivars within a species also showed
different levels of tolerance to drill cuttings.
This conclusion is based on the 4 species that
had 2 cultivars tested in this study. Little bluestem (Schizachyrium scoparium (Michx.) Nash)
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and sand dropseed (Sporobolus cryptandrus
(Torr.) Gray) showed more variation among
cultivars than Canada bluegrass (Poa compressa L.) and Kentucky bluegrass (Poa pratensis
L.) (Table 1).
Germination reduction of wheat and maize
was lower than 37.5%, and these species ranked
as moderately tolerant. This result agrees with
the report by Chaîneau et al. (1996), in which
maize and wheat germination were not affected by drill cuttings in soil with a similar TPH
concentration but less salinity as compared to
soil in this study. Seed size may be a factor
since wheat and maize seeds are larger than
most of other grass seeds. One of the mechanisms of germination inhibition by petroleum
hydrocarbon is the coating of seeds with
hydrophobic film, which prevents water from
entering (Adam and Duncan 2002). Therefore,
lower germination reduction in maize and
wheat may also result from their lack of palea
and lemma, which makes water imbibition
easier (Maze et al. 1993, Duclos et al. 2013).
Species moderately tolerant to crude oil
were often classified as moderately sensitive
or sensitive to drill cuttings. Examples include
most cereal crops used in this study (Zhu et al.
2018). Although the TPH content in the drill
cuttings used in this study was comparable
with many other reports (Breuer et al. 2004,
Al-Ansary and Al-Tabaa 2007), direct comparison of results between studies is complicated
because of the different hydrocarbon chemical
components and salt content of cuttings (Anoliefo et al. 2006).
The drill cuttings used in this study had a
high SAR and relatively high EC. High salinity levels inhibit seed germination. Many species that are tolerant to crude oil may not be
tolerant to drill cuttings. The germination of
downy brome (Bromus tectorum L.) was reduced 100% by drill cuttings in this study; and
this species is considered highly sensitive to
salinity (Belnap et al. 2003). Similarly, slender
wheatgrass (Elymus trachycaulus (Link) Gould
ex Shinners) and fairway crested wheatgrass
(Agropyron cristatum [L.] Gaertn.) showed 91%
and 88.2% germination reduction in this study.
These species are listed as saline sensitive
among 25 Agropyron species by Dewey (1960).
Dose Effects of Drill Cuttings
Reduction in seed germination was also
accompanied by reduction in seedling biomass.
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TABLE 1. Plant species germination and relative germination reduction (Red.) as affected by drill cuttings (DC).
Control
(%)

DC
(%)

Red.
(%)

VNS†
Forestburg
Bowie
Pinnacle
Bison
Saltlander
44.7
Tomahawk
Jerry
Potomac
Manifest
Manska

53.0
24.3
55.0
38.7
46.7
44.7
32.7
55.3
41.7
68.0
76.7
83.7

48.3
9.3
49.3
14.7
33.7
16.7
26.5
20.7
28.0
24.0
50.3
26.3

9.2
61.4
10.4
61.5
25.7
62.2

Tioga
Garrison
Itasca
Anatone
NDBS1011
Bad land
ecotype
Critana

33.0
51.7
48.7
11.7
52.0
27.7

21.0
15.7
31.0
3.3
32.3
8.7

35.6
69.3
36.9
69.9
37.5
69.9

56.7

35.7

37.8

Alkar
Chet
Vavilov II
Climax
Stonewall

36.3
28.0
68.0
53.7
45.7

10.7
17.3
19.0
33.0
12.3

71.0
37.9
71.6
38.6
73.1

VNS†
HyCrest

35.7
50.0

21.7
13.0

39.0
74.0

Goshen
Golfstar
Fleet
VNS†
VNS†
Synergy
Trailhead
Nordan

35.7
26.7
87.3
24.7
47.7
20.7
47.7
19.7

20.3
6.7
46.3
5.7
24.7
4.3
24.7
4.0

42.3
75.0
46.6
78.0
46.6
79.1
47.5
79.6

Red River
Penn 4
Navigator II
Foothills
Borden county
germplasm
Mankota
VNS†
Volga
Panther
Douglas

15.7
47.7
85.7
75.3
57.7

8.0
9.7
43.3
11.7
28.3

48.1
79.8
49.6
84.6
50.0

25.0
79.7
42.0
66.7
10.0

3.7
39.0
5.3
33.0
1.3

86.4
50.4
87.3
50.7
88.2

Pierre
Revenue

28.7
88.0

13.7
8.0

51.4
91.0

VNS†

35.7

17.0

52.0

Cannon
Alister
SD native
Jury

45.7
26.0
26.3
45.3

3.7
12.0
2.0
21.0

92.0
53.6
92.2
54.0

Common name

Scientific name

Variety

Witchgrass
Switchgrass
Buffalograss
Barley
Big bluestem
RS hybrid wheatgrass
Hard red spring wheat
Indiangrass
Hard red winter wheat
Orchardgrass
Intermediate wheatgrass
Pubescent intermediate
wheatgrass
Durum wheat
Creeping meadow foxtail
Little bluestem
Bluebunch wheatgrass
Maize
Little bluestem

Panicum capillare L.
Panicum virgatum L.
Buchloe dactyloides (Nutt.) Engelm.
Hordeum vulgare L.
Andropogon gerardii Vitman
Elymus hoffmannii Jensen & Asay
Triticum aestivum L. Glenn
Sorghastrum nutans (L.) Nash
Triticum aestivum L.
Dactylis glomerata L.
Agropyron intermedium (Host.) Beauv.
Agropyron trichophorum
Triticum durum L.
Alopecurus arundinaceus Poir.
Schizachyrium scoparium (Michx.) Nash
Pseudoroegneria spicata (Pursh) A. Löve
Zea mays L.
Schizachyrium scoparium (Michx.) Nash

Thickspike wheatgrass

Elymus lanceolatus (Scribn. & J.G. Sm.)
Gould
Agropyron elongatum (Host.) Beauv.
Andropogon hallii Hack.
Agropyron fragile (Roth) Candargy
Phleum pratensis L.
Schedonorus arundinaceus (Schreb)
Dumort
Sorghum halepense (L.) Pers.
Agropyron desertorum (Fisch. ex Link)
J.A. Schultes × Agropyron cristatum
(L.) Gaertn.
Calamovilfa longifolia (Hook.) Scribn.
Agrostis idahoensis Nash
Bromus biebersteinii Roem.
Setaria pumila (Poir.) Roem. & Schult.
Echinochloa crus-galli (L.) P. Beauv.
Zea mays L. var. saccharata
Leymus cinereus (Scribn. & Merr.) Löve
Agropyron desertorum (Fisch. ex Link)
Schult.
Digitaria sanguinalis (L.) Scop.
Agrostis stolonifera L.
Festuca rubra L. ssp. rubra
Poa compressa L.
Sporobolus cryptandrus (Torr.) Gray

Tall wheatgrass
Sand bluestem
Siberian wheatgrass
Timothy
Tall fescue
Johnsongrass
Hybrid crested
wheatgrass
Prairie sandreed
Idaho bentgrass
Meadow brome
Yellow foxtail
Barnyardgrass
Sweet corn
Basin wildrye
Desert wheatgrass
Large crabgrass
Creeping bentgrass
Creeping red fescue
Canada bluegrass
Sand dropseed
Russian wildrye
Quackgrass
Mammoth wildrye
Perennial ryegrass
Fairway crested
wheatgrass
Sideoats grama
Slender wheatgrass
Smooth crabgrass
Canada bluegrass
Colonial bentgrass
Sand dropseed
Oat

Elymus junceus Fisch.
Elymus repens (L.) Gould
Leymus racemosus (Lam.) Tzvelev
Lolium perenne L.
Agropyron cristatum (L.) Gaertn.
Bouteloua curtipendula (Michx.) Torr.
Elymus trachycaulus (Link) Gould
ex Shinners
Digitaria ischaemum (Schreb.) Schreb.
ex Muhl.
Poa compressa L.
Agrostis capillaris L.
Sporobolus cryptandrus (Torr.) Gray
Avena sativa L.

63.4
33.1
64.4
33.9
68.6
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TABLE 1. Continued.
Common name

Scientific name

Variety

Control
(%)

DC
(%)

Red.
(%)

Kentucky bluegrass
Thickspike wheatgrass

Poa pratensis L.
Elymus lanceolatus (Scribn. & J.G. Sm.)
Gould
Pascopyrum smithii (Rydb.) A. Löve
Lolium multiflorum Lam.
Puccinellia distans (Jacq.) Parl.
Festuca ovina L.
Poa pratensis L.
Pseudoroegneria spicata (Pursh) Love
ssp. inermis (Scribn & Sm.) A. Löve
Elymus canadensis L.
Poa palustris L.
Hordeum jubatum L.
Bromus japonicus Thunb.
Bromus tectorum L.
Panicum miliaceum L.

Park
Sodar

64.3
67.7

5.0
31.0

92.3
54.5

BSM
VNS†
Fults
Blue Ray
Bewitched
Whitmar

38.0
42.7
70.0
53.0
42.7
27.3

2.3
19.7
3.7
22.7
0.3
11.3

94.8
55.6
95.0
57.5
99.3
58.6

Mandan
VNS†
VNS†
VNS†
VNS†
VNS†

22.3
33.7
79.7
50.0
57.7
20.0
17.5

0.0
12.7
0.0
18.7
0.0
7.7
17.5

100.0
60.2
100.0
60.9
100.0
60.9
41.5

Western wheatgrass
Annual ryegrass
Weeping alkaligrass
Sheep fescue
Kentucky bluegrass
Beardless wheatgrass
Canada wildrye
Fowl bluegrass
Foxtail barley
Japanese brome
Downy brome
Proso millet
HSD0.05‡

†Variety not stated.
‡Tukey’s Studentized Range (HSD), P < 0.05.

TABLE 2. Germination and biomass of 9 grass species affected by different concentrations of drill cuttings in soil.
Varieties are in Table 1, except where specified.

Common name

Germination (%)
_________________________________________
Control
Treated
Reduction

Buffalograss
Witchgrass
Smooth crabgrass
Perennial ryegrass
Johnsongrass
Sand dropseed§
Little bluestem¶
Orchardgrass
Creeping red fescue
HSD0.05*

55.0
53.0
35.7
66.7
35.7
57.7
48.7
68.0
85.7

49.3
48.3
17.0
33.0
21.7
28.3
31.0
31.0
43.3

EC50† (m3/m3)
___________________________
Germination
Biomass
N/A‡
0.14
0.14
0.12
0.12
0.10
0.10
0.10
0.09
0.02

10.4
8.9
52.4
50.5
39.2
51.0
36.3
64.7
49.5
11.4

N/A‡
0.07
0.04
0.08
0.10
0.11
0.06
0.13
0.09
0.04

†EC is the effective concentration at which a 50% reduction in germination or biomass occurred.
50
‡N/A, less than 50% reduction at the highest concentration (0.20 m3/m3 on volumetric bases) in this study was observed.
§Sand dropseed “Borden County.”
¶Little bluestem “Itasca.”

*Tukey’s Studentized Range (HSD), P < 0.05.

The performances of 9 selected species are
shown in Table 2. Witchgrass (Panicum
capillare L.) and buffalograss ranked at the top
of 9 species based on reduction of germination
and EC50 of germination (Table 2). With the
exception of buffalograss, the ranking of biomass
was different from that of germination based
on EC50, indicating that growth and germination had different tolerances to drill cuttings. In the growth stage, orchardgrass (Dactylis
glomerata L.) and buffalograss showed the highest tolerance to drill cuttings based on the EC50
for growth biomass (Table 2). The slope of the
simple linear regression equation provided

additional information with which to compare
the grass species (Table 3). The negative sign
of slope indicated a reduction of germination
and biomass as concentration increased. The
absolute value of the slope indicated sensitivity.
CONCLUSION
For phytoremediation, species with high germination and biomass are desired. Few grass
species met these requirements despite the
large number of grass species evaluated. This
is because drill cuttings contain hydrocarbons,
salts, and other toxic components. Compared
to other species, buffalograss had the highest
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TABLE 3. Germination (%) and biomass (mg/plant) of 9 grass species in response to concentration of drill cuttings in
the soil (m3/m3).

Common name

Germination
______________________________
Equation
r2

Biomass
_______________________________
Equation
r2

Buffalograss
Smooth crabgrass
Johnsongrass
Witchgrass
Little bluestem
Perennial ryegrass
Creeping red fescue
Sand dropseed
Orchardgrass

y = 50.8 − 69.3x
y = 30.2 − 103x
y = 43.1 − 155x
y = 58.2 − 202.7x
y = 45.9 − 204.7x
y = 73.4 − 322x
y = 72.7 − 383.3x
y = 90.4 − 435.3x
y = 92.0 − 457x

y = 0.98 − 2.30x
y = 0.58 − 2.89x
y = 1.58 − 5.96x
y = 0.28 − 1.12x
y = 1.32 − 6.23x
y = 0.67 − 2.92x
y = 0.47 − 2.34x
y = 0.22 − 0.81x
y = 0.62 − 2.53x

absolute values of both germination and biomass
at the highest concentration of drill cuttings.
Therefore, it can potentially be grown in soils
contaminated with drill cuttings.
There was not a clear trend showing that
either native species or introduced species are
more tolerant to drill cuttings. However, there
was evidence that cultivars within a species
had different levels of tolerance, indicating
that comparison among cultivars is necessary.
Some cereal crops showed moderate tolerance
to drill cuttings and may be used for soil reclamation as long as the grains are not for human
or animal consumption. The results from this
study may also help to predict the ecological
impact of population shift in a particular location after the contamination or after phytoremediation using certain species. For example, downy brome is listed as an invasive weed
in North Dakota and it is sensitive to drill cuttings, while yellow foxtail (Setaria pumila
[Poir.] Roem. & Schult.) is a crop weed moderately tolerant to drill cuttings.
SUPPLEMENTARY MATERIAL
Two online-only supplementary files accompany this article (scholarsarchive.byu.edu/wnan/
vol79/iss1/5).
SUPPLEMENTARY MATERIAL 1. Sources of grass
seeds used in the preliminary screening for tolerance to contamination from drill cuttings.
SUPPLEMENTARY MATERIAL 2. Plant species used
in the preliminary tolerance screening for germination in soil contaminated by drill cuttings.
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